Pharmacological dosing of all-trans-retinoic acid (atRA) controls adiposity in rodents by inhibiting adipogenesis and inducing fatty acid oxidation. Retinol dehydrogenases (Rdh) catalyze the first reaction that activates retinol into atRA. This study examined postnatal contributions of Rdh10 to atRA biosynthesis and physiological functions of endogenous atRA. Embryonic fibroblasts from Rdh10 heterozygote hypomorphs or with a total Rdh10 knockout exhibit decreased atRA biosynthesis and escalated adipogenesis. atRA or a retinoic acid receptor (RAR) panagonist reversed the phenotype. Eliminating one Rdh10 copy in vivo (Rdh10 +/2 ) yielded a modest decrease (£25%) in the atRA concentration of liver and adipose but increased adiposity in male and female mice fed a high-fat diet (HFD); increased liver steatosis, glucose intolerance, and insulin resistance in males fed an HFD; and activated bone marrow adipocyte formation in females, regardless of dietary fat. Chronic dosing with low-dose atRA corrected the metabolic defects. These data resolve physiological actions of endogenous atRA, reveal sex-specific effects of atRA in vivo, and establish the importance of Rdh10 to metabolic control by atRA. The consequences of a modest decrease in tissue atRA suggest that impaired retinol activation may contribute to diabesity, and low-dose atRA therapy may ameliorate adiposity and its sequelae of glucose intolerance and insulin resistance.
All-trans-retinoic acid (atRA) controls proliferation, differentiation, and cell function by regulating multiple genes through the following nuclear receptors: retinoic acid receptor (RAR)a, -b, and -g and PPARd (1) . Two reactions generate atRA from vitamin A (retinol). Retinol dehydrogenases (Rdh) of the short-chain dehydrogenase/reductase gene family (Rdh1, Rdh10, and Dhrs9) convert retinol into retinal, whereas retinal dehydrogenases (Raldh) of the aldehyde dehydrogenase gene family (Raldh1, -2, and -3) convert retinal into atRA (2,3). Retinal reductases (e.g., Dhrs3) also contribute to maintaining steady-state retinal concentrations, as does carotenoid cleavage (4) . atRA concentrations are maintained by the steady-state concentration of retinal set by Rdh and reductases and activities of Raldh and atRA catabolic enzymes (Cyp26A1, -B1, and -C1) (5, 6) . The distinct but overlapping spatial and temporal expression patterns of Rdh suggest that specific isoforms satisfy discrete functions (7) . Differences in the phenotypes of ablated retinoid metabolon proteins provide further support for this hypothesis (8, 9) .
Rdh10 was cloned from the retinal pigment epithelium and retinal Muller cells as an all-trans-and 11-cis-Rdh in the visual cycle (10, 11) . Rdh10, however, has widespread expression during embryogenesis, localizing with many sites of atRA signaling (12) . Most homozygous Rdh10-null mouse pups die by embryo day 13 (E13) from severe forelimb, internal organ, and forebrain abnormalities (13) . Long-term retinal dosing to dams allows the birth of Rdh10-null mice in Mendelian frequency but does not rescue all aspects of atRA deficiency in neonates. An Rdh10 hypomorph, produced by a missense mutation (A196V), produces pups that die mostly by E17.5 with edema, a midline facial cleft, forebrain defects, impaired cerebrovasculature, and absence of olfactory bulbs (14, 15) . Thus, atRA production during mid-to-late gestation requires Rdh10, but additional Rdh also are important during embryogenesis.
Postnatal contributions of Rdh10 to atRA biosynthesis have not been studied extensively. A Sertoli and/or germ cell-specific Rdh10 knockout in juvenile mice prevents spermatogenesis equivalent to that during vitamin A deficiency, but upon reaching adulthood, these mice exhibit normal spermatogenesis, indicating age-specific Rdh10 functions (16) . Overexpression of Rdh10 in primary human neonate keratinocytes produced an aberrant phenotype, consistent with the inhibition of differentiation and upregulation of atRA-induced genes (17) . The same phenomena were not duplicated by overexpression of the human ortholog (RDH16) of mouse Rdh1, suggesting that Rdh10 serves as the major Rdh in neonate keratinocytes. In contrast, sequential knockdown of endogenous Rdh in primary rat hippocampus astrocytes showed that Rdh10, Dhrs9, and Rdh2 (rat ortholog of mRdh1) contribute to atRA biosynthesis (18) .
The mRdh1 knockout illustrates the contribution of endogenous atRA to energy balance (19) . When fed a low-fat diet (LFD), mRdh1-null mice have a 59% (12.7 g) increase in fat at 36 weeks old relative to wild type (WT). Rdh1-null mice, however, do not have other symptoms of atRA deficiency. Pharmacological atRA dosing to mice fed high-fat diets (HFDs) further suggests that retinoids regulate energy balance and adiposity postnatally (20, 21) .
This study was undertaken to determine postnatal contributions of Rdh10 to atRA biosynthesis and function. We used heterozygous knockouts (Rdh10 +/2 ) and embryonic fibroblasts from Rdh10 hypomorphs to study the impact of Rdh10 on atRA generation and function. Heterozygotes were used to circumvent homozygote embryonic lethality. Knocking out one Rdh10 copy yielded only a modest decrease in tissue atRA but produced an array of metabolic and tissue abnormalities, some of which were sex specific. These results reveal Rdh10 contributions to atRA metabolic functions, resolve physiological actions of endogenous atRA in vivo and its sex-specific effects, and predict health consequences of a modest decrease in tissue atRA.
RESEARCH DESIGN AND METHODS

Mice
Rdh10-targeted C57BL/6N embryonic stem cells were injected into BALB/C blastocysts by the University of California (UC) Davis Mouse Biology Program with loxP sites that flank Rdh10 exon 2 ( Supplementary Fig. 1 ). Rdh10 floxed mutants were back-crossed into C57BL/6J mice .12 generations and bred with mice expressing CMV-Cre [B6.C-Tg(CMVcre)1Cgn/J; The Jackson Laboratory] to generate Rdh10 +/2 mice. Controls were littermates (Rdh10 +/+ and CMV-Cre + ). Mice were fed an AIN93G diet with 4 IU/g vitamin A (180614; Dyets, Inc) and 9% fat (LFD) or 50% fat as lard (HFD). Unless noted otherwise, mice were 4 months old and fed either diet from weaning. Body and food weights were measured weekly. Body composition was determined with an EchoMRI 100V whole-body magnetic resonance analyzer. Energy expenditure and activity were assessed with a laboratory animal monitoring system. VO 2 and VCO 2 were normalized to the lean body mass of each mouse. Femur marrow was harvested by centrifugation (22) . Animal experiments were performed in accordance with the National Institutes of Health's Guide for the Care and Use of Laboratory Animals. Protocols were approved by the UC Animal Care and Use Committee.
atRA Dosing
Five milligrams of 90-day slow-release atRA pellets or placebo (Innovative Research of America) were implanted under the skin on the lateral side of the neck in 6-week-old mice.
Glucose Tolerance Test/Insulin Tolerance Test
Glucose tolerance tests (GTTs) and insulin tolerance tests (ITTs) were performed on 4-month-old mice fed an HFD. Mice were fasted 16 h before GTT and 4 h before ITT and placed in individual cages without food, but with free access to water. Either glucose (1.5 g/kg body weight) or insulin (0.5 IU/kg body weight) was injected. Blood glucose from tail tips was measured with a glucometer.
Serum Measurements
Serum was sent to the UC Davis Mouse Metabolic Phenotyping Center for quantification of insulin, leptin, adiponectin, and b-hydroxybutyrate. Serum nonesterified fatty acid (NEFA) was quantified with an EnzyChrom Free Fatty Acid Assay Kit (EFFA-100).
TAG Assay
Triacylglycerol (TAG) was measured in homogenized livers using a Triglyceride Colorimetric Assay Kit (10010303; Cayman Chemical). Values were normalized to liver wet weight. 
F4/F80 Immunohistochemistry
Liver was embedded in Tissue-Tek optimal cutting temperature compound (OCT), snap frozen in liquid nitrogen, and sectioned into 12-mm slices. Slides were fixed by submersion in ice-cold acetone. Endogenous peroxidase was blocked with 0.3% H 2 O 2 . Slides were incubated with F4/80 antibody (Immunocruz ABC Staining System) and counterstained in H-E.
Bone Histology
Femurs were fixed for 24 h at 4°C in Bouin solution (50:1) and decalcified in 10% EDTA at 4°C. Femurs were bisected at the diaphysis center into proximal and distal halves. Distal femurs were dehydrated, embedded in paraffin, and sectioned longitudinally starting 10 mm from the frontal (coronal) plane. Sections 50-150 were collected onto Premiere Charged Microscope slides in a water bath at 40-42°C and H-E stained.
Liver Oil Red O Staining
Liver was embedded in OCT in cryostat molds, snap frozen in liquid nitrogen, sectioned at 12 mm, fixed with 10% neutral-buffered formalin, submerged in Oil Red O, and counterstained in Harris Modified Hematoxylin Solution. Sections were treated with aqueous mounting medium (Shurmount). Slides were imaged within 24 h to avoid interference from Oil Red O precipitation.
Mouse Embryonic Fibroblasts
Mouse embryonic fibroblasts (MEFs) were isolated from E13.5-14 embryos (23) and cultured in ultraviolet-irradiated growth medium of DMEM (Gibco BRL), 10% bovine calf serum ; American Type Culture Collection), and 100 units/mL penicillin/streptomycin (Gibco BRL) in sixwell plates at 37°C. Differentiation was induced 2 days after confluence (differentiation day 0 [dd0]), with growth medium containing 0.5 mmol/L methylisobutylxanthine (IBMX), 1 mmol/L dexamethasone, 0.85 mmol/L insulin, and 100 nmol/L rosiglitazone. After 3 days (dd3), the medium was changed to growth medium with 0.85 mmol/L insulin and 100 nmol/L rosiglitazone, renewed every other day. Each experiment was performed with MEFs from two to three dams and repeated two to three times with MEFs from different dams. MEFs from littermates were compared.
Effects of nuclear receptor ligands were tested with vehicle (DMSO), 500 nmol/L atRA (refreshed daily), 100 nmol/L TTNPB (RAR pan-agonist; T3757; Sigma-Aldrich), or 100 nmol/L GW0742 (PPARd agonist; G3295; Sigma-Aldrich) (refreshed every 2 days).
atRA biosynthesis was quantified in MEFs treated for 2 h with 250 nmol/L retinol, a physiological concentration (24) . Cells were collected with 13 reporter lysis buffer (E397A; Promega) and flash frozen. atRA was quantified by liquid chromatography with tandem mass spectrometry (25) .
Oil Red O staining was performed on dd7. MEFs were fixed with 10% formalin/PBS and stained with 60% Oil Red O/isopropanol. Excess stain was removed by washing with water. Stained oil droplets were dissolved in isopropanol. Absorbance was read at 510 nm.
MEF Rdh10 Ablation
A guide RNA targeting exon 3 in a lentiCRISPR v2 plasmid (plasmid 52961; Addgene) was introduced into SV40-immortalized MEFs (26) . Cells that survived puromycin selection were plated individually. DNA was sequenced for Cas9-induced breaks repaired by nonhomologous end joining. Both alleles of Rdh10 were affected, resulting in deletion of exons 3 (active site) to 6, i.e., amino acid residues beyond 184. Colonies with random mutations were used as controls. The guide RNA sequence was as follows:
forward 59-CACCGACGATGCTAGAGATTAATCA-39; reverse 59-AAACTGATTAATCTCTAGCATCGTC-39. The probe to verify CRISPR knockout was Mm.PT58/9541215. Four control and four knockdown clones were isolated ( Supplementary  Fig. 2 ). One clone of each was chosen for detailed study (WT6 and KO27).
Statistics
Data are expressed as means 6 SD, unless noted otherwise. Significance was determined by two-tailed, unpaired Student t tests or two-way ANOVA.
RESULTS
Rdh10 Generates atRA in Preadipocytes
Rdh10 expression is .22-fold more intense than Dhrs9 in primary undifferentiated MEFs (dd0) (Fig. 1A) . Rdh10 mRNA decreases by 50% after MEF differentiation, but Dhrs9 mRNA does not change. Rdh1 and RdhE2 mRNA were not detected. The net atRA concentration in WT MEFs after incubation with retinol also decreases ;50% from dd0 during adipogenesis (Fig. 1B) , suggesting that Rdh10 generates atRA to inhibit adipogenesis.
To test whether downregulation of Rdh10 allows adipogenesis, we used a mouse model harboring a mutated Rdh10 (Rdh10 m366Asp ), which encodes a hypomorph with lower activity than WT because of a single nucleotide mutation in the substrate binding pocket (V196A) (14) . This model has the benefit of reducing catalytic activity without altering Rdh10 expression, which avoids off-target effects that might result from gene ablation. Homozygous hypomorphs die before E13.5-14. Therefore, we isolated MEFs from heterozygous hypomorphs (HYPO). HYPO MEFs had a 40% reduction in the steady-state atRA concentration relative to WT after incubation with retinol (Fig. 1C) . Only Dhrs9 mRNA among retinoid metabolon genes compensated for the Rdh10 ablation, with a twofold increase (P , 0.03) ( Supplementary Fig. 3 ). Basal expression of Pparg in HYPO MEFs did not differ from WT on dd0 (Fig. 1D) . After differentiation (dd7), HYPO MEFs had ;40% more adipocytes than WT (Fig. 1E and F) ; expression of adipogenic markers (Pparg and aP2) was ;2.5-to 3.8-fold higher in HYPO versus WT MEFs (Fig. 1G) . Total knockout of Rdh10 with CRISPR CAS9 in immortalized MEFs (CKO) revealed an ;18-fold increase in Oil Red O-positive cells compared with immortalized WT MEFs (Fig. 1H-J) , with Pparg and Fabp4 expression ;3-fold higher (Fig. 1K) . These data are consistent with Rdh10 generating atRA in mesenchymal stem cells to suppress adipogenesis.
Both HYPO and WT MEFs responded to increasing retinol concentrations, but HYPO MEFs differentiated to a greater extent than WT (Fig. 2A) . The IC 50 values of retinol were 290 and 333 nmol/L for WT and HYPO, respectively, for Oil Red O quantification (Fig. 2B) (Fig. 2C and D) . Higher retinol concentrations produced differences in expression of atRA-inducible genes Rarb, Cyp26a1, and Cyp26b1, consistent with impaired HYPO atRA biosynthesis from retinol.
Rdh10
+/2 Mice Have More Severe Diet-Induced Obesity and Insulin Resistance
To determine Rdh10 functions in vivo, we generated mice with a whole-body deletion. Heterozygotes (Rdh10 +/2 ) were MEFs from three wells each. ***P , 0.001. I: Oil Red O images of differentiated WT and CKO MEFs on dd7. Scale bars, 50 mm. J: Quantification of data in I. MEFs from three wells per group per experiment. ***P , 0.001. Representative data from two experiments. OD, optical density. K: Expression of adipogenic markers on dd7 in WT and CKO MEF. MEFs from six wells for each genotype were assayed individually. Representative data from two experiments. ***P , 0.001. studied because homozygotes are not viable. Decreases in Rdh10 mRNA in liver (52%), inguinal white adipose tissue (iWAT; 87%), and epididymal WAT (eWAT; 64%) verified knockdown (Fig. 3A) . Rdh10 +/2 mice fed an LFD did not differ from WT in weight, fat body mass, or GTT (Supplementary Fig. 4 ). Rdh10 +/2 mice fed an HFD displayed substantial weight differences relative to WT (Fig. 3B and C) . Males weighed .5 g more than WT littermates, whereas females weighed ;4.7 g more. Increases in body weight were caused primarily by increases in fat, with no significant differences (,1 g) in lean weight (Fig. 3D) . No significant differences occurred in food intake between Rdh10 +/2 and WT ( Supplementary Fig. 5 ). Rdh10 +/2 males did not differ from WT in energy expenditure or activity during light or dark cycles, normalized to lean body mass ( Supplementary  Fig. 6 ). GTT and ITT revealed glucose intolerance and insulin resistance compared with WT ( Fig. 3E and F) . Serum insulin increased nearly twofold in Rdh10 +/2 males (Fig.  3G) . A 3.5-fold increase in serum leptin and a 40% increase in NEFA reflect increased fat mass (Fig. 3H and I) . A lack of difference in GTT between WT and Rdh10 +/2 fed an LFD suggests that changes in glucose sensitivity were secondary to adiposity in the mice fed the HFD.
Modest decreases in atRA caused the phenotype (Fig.  3J) . Tissue atRA concentrations decreased by 25% or less: liver 23 and 20% for males and females, respectively; epididymal/parametrial WAT 20 and 25%; and femoral WAT 15 and 15%. Tissue atRA was normalized to tissue weight; normalizing to protein had a tissue-specific effect because of changes in total protein as well as fat mass (Supplementary Fig. 7 ).
Fat Pad Abnormalities
eWAT, iWAT, and perirenal WAT were enlarged in Rdh10 +/2 males fed an HFD (Fig. 4A) . eWAT of Rdh10 +/ males have a 73% decrease in Adipoq, an indicator of function, but increased expression of the hypoxia-induced gene Hif1a and the fibrosis indicator Col6a1, a target of Hif1a. Pparg was reduced 50%, a decrease that reflects an increase in Hif1a (Fig. 4B) (27) . The inflammatory indicators Saa3 and Tnfa increased two-to threefold. Rdh10 +/2 mice had larger adipocytes in eWAT and iWAT (Fig. 4C, D, and F) , reflected in the average adipocyte sizes (Fig. 4E and G) . Histologically, Rdh10 +/2 males also had increased inflammation (Fig. 4H ) and fibrosis (Fig. 4I) . These results suggest that adipose expansion exceeds angiogenesis, which induces hypoxia, inflammation, oxidative stress, and fibrosis (28). Fibrosis from persistent inflammation damages adipocytes, which increases NEFA release, resulting in nonadipose tissues accumulating TAG. The inflammation and fibrosis of adipose, with the increase in serum NEFA (Fig. 3I) , would contribute to liver steatosis.
Males Fed an HFD Develop Liver Steatosis
Histological analysis showed that 14 of 19 (;74%) Rdh10 +/2 males fed an HFD had increased fat accumulation in liver, relative to 7 of 18 (39%) WT, without enhancement of the inflammation marker F4/80 (Fig. 5A) . Females fed the HFD showed a much more modest reaction (Fig. 5B) . Rdh10 +/2 males fed the HFD had a greater than twofold increase (5.2 mg) in liver TAG compared with WT (Fig. 5C) . Three of the Rdh10 +/2 males reacted more intensely than the others. Excluding these three from the analysis still showed a significant difference from WT, with a 44% increase in TAG (P , 0.02). In contrast, livers of female Rdh10 +/2 fed an HFD showed no significant difference in TAG content from WT (Fig. 5D ). Rdh10 +/2 male livers were larger than WT (Fig. 5E ), weighing ;20% more (0.2 g) ( Fig. 5E and G) . Rdh10 +/2 female liver weights did not differ from WT (P . 0.1) (Fig. 5F ). Decreases in gene expression occurred in Acadm (52% decrease), which encodes the medium-chain acylCoA dehydrogenase; Ppara (32% decrease), which stimulates b-oxidation; and Saa1 (63% decrease), which designates acute inflammation (Fig. 5H) . Serum b-hydroxybutyrate in fasted males and females did not differ with genotype ( Supplementary Fig. 8 ).
Increased Adipocyte Formation in Female Femur Marrow
We examined femur bone marrow, because marrow stem cells serve as progenitors to adipocytes. Rdh10 +/2 males fed an HFD had a slight increase in adipocytes near the growth plate, which was not statistically significant ( Fig. 6A and B) , and showed no significant differences in genes typically expressed in adipocytes (Fig. 6C) . Females fed an HFD had a threefold increase in adipocytes clustered near the growth plate ( Fig. 6D and E) and enhanced expression of Fabp4 (.50%), Pparg (;100%), Fabp5 (100%), and AdipoQ (.80%) (Fig. 6G) . Females fed an LFD also had threefold increased adipocytes in femur marrow (Fig. 6H and  I) . Increased expression of AdipoQ did not increase circulating adiponectin (Supplementary Fig. 9 ). Femur lengths of males did not differ with genotype, but femurs from the Rdh10 +/2 females fed an HFD were ;8.5% longer than WT (Fig. 6J) . . Females: n = 11 WT; n = 10 Rdh10 +/2 . Two-way-ANOVA, P , 0.0001, males and females, genotype and age. D: Body compositions by Echo MRI. Males: n = 11 WT; n = 12 Rdh10 +/2 . Females: n = 7 WT; n = 10 Rdh10 +/2 . **P , 0.009. E: atRA tissue concentrations: 7-11 mice per group. *P , 0.04. Liver, left y-axis; WAT, right y-axis. e/pmWAT, epididymal/parametrial WAT; fWAT, femoral WAT. F: GTT: n = 5 WT; 7 Rdh10 +/2 . Representative data from three experiments. Significant difference for genotype by two-way ANOVA, P , 0.0001. G: ITT: n = 6 WT; 10 Rdh10 +/2 . Representative data from three experiments. Significant difference for genotype by two-way-ANOVA, P = 0.0004. H: Serum insulin; n = 3-5 mice per group. *P , 0.04. I: Serum leptin; n = 5-7 mice per group. **P , 0.01. J: Serum NEFAs; n = 5-7 mice per group. *P = 0.05.
atRA Rescues the Phenotype atRA caused a greater than fivefold decrease in the number of Oil Red O-positive cells in HYPO MEFs and a greater than threefold decrease in WT, and suppressed differentiation to a similar base value in both (Fig. 7A and B) . Pparg and Fabp4 expression was 4-and 14-fold higher in HYPO MEFs than WT, which was reduced by atRA to 4-and 12-fold less than vehicle-treated HYPO MEFs (Fig. 7C and  D) . Because atRA activates both RAR and PPARd, we tested receptor-specific ligands in CKO MEFs, which differentiated to a much greater extent than WT (Fig. 7E and F) . The RAR pan-agonist TTNPB reduced differentiation by fivefold, whereas the PPARd agonist was ineffective. TTNPB also reduced Pparg and Fabp4 expression by 5-and 40-fold, respectively ( Fig. 7G and H) . Thus, HYPO and CKO MEFs respond robustly to atRA with robust decreases in adipogenesis.
We next determined the impact of atRA on Rdh10
mice fed an HFD. Six-week-old mice were implanted with atRA timed-release capsules. By the end of week 9, Rdh10 +/2 mice treated with low-dose atRA weighed 9 g less than placebo-treated mice and had body weights equivalent to mice fed an LFD (Fig. 7I) . atRA dosing also improved glucose tolerance and insulin sensitivity ( Fig. 7J and K) . A 50% decrease in fat relative to vehicle-treated mice reflected the major weight difference, with no significant change in lean mass (Fig. 7L) . atRA rescued the liver steatosis phenotype and reduced the sizes of white adipocytes in eWAT (Fig. 7M) . These data suggest the potential of chronic low-dose atRA treatment for metabolic disorders.
DISCUSSION
We undertook this research to reveal postnatal Rdh10 contributions to atRA function and to assess endogenous atRA actions. Previous studies focusing on specific organs or using vitamin A deficiency models revealed that atRA has widespread impact on metabolism, consistent with organ autonomous effects (15) (16) (17) 20, (29) (30) (31) (32) . Total Rdh10 ablation impairs the biogenesis of multiple organs, including the pancreas, and causes embryonic lethality between E10.5 and E13, but Rdh10 +/2 mice reportedly were "indistinguishable" from WT (33). This conclusion, referring to the appearance of mice fed a chow diet, coincides with our observations of the appearance of Rdh10 +/2 mice fed an LFD.
Despite evaluating heterozygotes, the metabolic phenotype reported here involved multiple tissues and was surprisingly severe. More surprising were the modest decreases in tissue atRA that led to the metabolic defects. This reveals that minor decreases in tissue atRA have a major impact on metabolic health and can predispose to obesity, glucose intolerance, insulin resistance, and ectopic adipose formation and fat deposition. This finding, as well as rescue with low-dose atRA, indicates the importance of establishing the connection between retinol activation and atRA concentrations and metabolic diseases, and suggests the potential of low-dose atRA for metabolic disease therapy.
Our observations support the proposed functions of atRA in arresting adipogenesis and regulating lipid metabolism (19, 21) . Previous studies to define atRA function in energy homeostasis, however, were performed either with established cell lines, which may not faithfully model their origins, or through dosing pharmacological and/or toxic amounts of atRA to animals fed a diet copious in vitamin A (lab chow). Diets with copious vitamin A obscure knockout effects and could contribute to vitamin A toxicity when dosing pharmacological atRA (19, 34) . Vitamin A and atRA represent prototypical examples of hormesis, an inverted U-shaped dose-response curve in which increasing concentrations increase beneficial effects to a point, but beneficial effects ultimately subside with high concentrations and toxicity ensues. Thus, dosing high amounts of atRA confounds toxicology with physiology, especially in animals fed chow diets, which contain at least fourfold more vitamin A than used here, which we based on recommendations by the National Research Council.
The dimorphic impact of atRA exposed another unanticipated result. Distinctions between males and females in diet-dependent liver steatosis and bone marrow adipocyte formation provide new insight into interaction(s) between retinoids and steroid sex hormones. Complex interactions between the two estrogen receptors ERa and ERb and the atRA receptors RARa and RARb occur in breast cancer cell lines (35, 36) . Moreover, estrogen induces atRA biosynthesis in primary human endometrial cells (37) , whereas atRA induces estrogen biosynthesis in placental cells (38) . Little is known about these interactions in adipose. atRA plus estrogen, however, additively induce Rarg, estrogen receptor b (Esr2), and aromatase (Cyp19a1) in NIH3T3-L1 cells (39) . It is reasonable to propose that atRA impairs estrogen function in female bone marrow, in addition to having direct effects. Interactions between androgens and atRA also occur. atRA downregulates androgen receptor mRNA in breast cancer cell lines. Vitamin A restriction increases androgen receptor expression in rat testis (40) . Castration increases Rara and Rarg mRNAs in rat prostate, which testosterone dosing represses (41) . Testosterone reduces loss of bone density in mice dosed chronically with pharmacological atRA (10 mg/kg/day) (42) . These interactions might contribute to differences in the bone phenotype between male and female Rdh10 +/2 mice. Meta-analysis of epidemiological studies indicate a U-shaped relationship between serum retinol and hip fracture risk (hormesis), i.e., either high or low serum retinol increases osteoporosis risk (43) . Skeletal growth relies on RAR. Excess atRA accelerates bone maturation and decreases bone density, especially in orchiectomized rodents (29, 42) . The mechanism seems related to atRA effects on multipotent stem cells in bone marrow differentiating into osteoblasts or adipocytes. Increased marrow adiposity associates with adverse effects on skeletal function (44); atRA may provide a link in this connection. Multiple studies with cell lines demonstrate that atRA inhibits mesenchymal cell differentiation into adipocytes and promotes differentiation into osteoblasts, and indicate that adipocyte formation impairs osteoblast production (30, 45) . Increased adipocyte differentiation during osteoporosis may contribute to bone deterioration by occupying the marrow niche and by reducing osteoblastogenesis. A recent study, using primary bone marrow stem cells, extended the observation that atRA inhibits adipocyte differentiation but concluded that atRA inhibits osteoblast differentiation (46). Our study did not address adipogenesis versus osteoblastogenesis but showed that a decrease in endogenous atRA stimulates adipocyte formation in bone marrow independently of dietary fat that affects females. Thus, the Rdh10 +/2 mouse introduces a model for studying adipocyte formation in bone marrow and atRA effects on osteoblastogenesis and osteoporosis. The relationship of retinol and atRA with liver steatosis has been unclear. Some reports concluded that RAR induces liver steatosis, whereas others reported beneficial actions; this may reflect retinoid hormesis causing dose-dependent outcomes (47) . The intervention of specific atRA receptors offers some clarity. Transgenic male mice that express a dominant-negative RARa develop liver steatosis by 4 months old without obesity and develop hepatocarcinoma by 12 months (48). The former was associated with decreased fatty acid oxidation. Overexpression of the atRAinducible RARb in mouse liver enhances fatty acid oxidation and energy expenditure (31) , whereas the RARb2-specific agonist AC261066 reduces liver steatosis in HFD-fed mice (49) . Increasing endogenous atRA concentrations by inhibiting the atRA-catabolic Cyp26 isozymes enhances expression of mitochondrial biogenesis markers Nrf1 and Pgc1b 5-to 10-fold (32) . These data are consistent with atRA enhancing fatty acid oxidation and mitochondrial biogenesis in vivo and suggest processes contributing to the liver steatosis phenotype.
In contrast to increased adiposity of Rdh1 and Rdh10 knockouts, Raldh1-knockout mice resist adiposity. Raldh1 ablation decreases atRA in liver and in some female fat pads of 6-to 7-week-old mice fed an HFD, which should enhance adiposity but does not affect retinal in these mice. These and other data indicate that the multifunctional Raldh1, which also has a diverse array of substrates, acts independently of retinal and RA in adipose to permit adiposity (50) .
These studies provide the first insight into the physiological effects of endogenous atRA in energy balance and the function of Rdh10 in postnatal intermediary metabolism. The data reveal that Rdh10 contributes to normal glucose and insulin sensitivity, control of adiposity and adipogenesis, and preservation of bone health. The surprisingly modest decrease in atRA that caused these effects suggests that low-dose atRA therapy may help ameliorate adiposity and its sequelae of glucose intolerance and insulin resistance.
